We study the distribution of lepton pairs from the second lightest neutralino decayχ 0 2 →ll followed byl →χ 0 1 l. The distribution of the ratio of lepton transverse momenta A T shows peak structure if m ll < ∼ m max ll /2 is required. The peak position A peak T is described by a simple function of the ino and slepton masses in the m ll ∼ 0 limit. When a moderate m ll cut is applied, A peak T depends on theχ 0 2 velocity distribution, but the dependence would be corrected by studying the lepton P T distribution. A peak T and the edge of m ll distributions are used to determine the mass parameters involved in the decay for parameters of interest to LHC experiments. For some cases the ino and slepton masses may be determined within 10% by the lepton distribution only independent of model assumptions. Correct combinations of A peak T and m edge ll would be identified even if differentχ 0 2 decay chains are co-existing. The analysis could be extended to the Tevatron energy scale or other cascade decays.
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Introduction
The Minimal Supersymmetric Standard Model (MSSM) [1] is one of the most promising extensions of the Standard Model. It offers a natural solution of the hierarchy problem, amazing gauge coupling unification, and dark matter candidates. If Nature chooses low energy supersymmetry (SUSY), sparticles will be found for sure, as they will be copiously produced at future colliders such as Large Hadron Collider (LHC) at CERN or TeV scale e + e − linear colliders (LC) proposed by DESY, KEK, and SLAC. LHC would be a great discovery machine. Squarks and gluinos with mass less than a few TeV would be found unless the decay patterns are non-canonical [2] .
On the other hand, the MSSM suffers severe flavor changing neutral current (FCNC) constraints if no mass relation is imposed on sfermion mass parameters [3] . Various proposals have been made for the mechanism to incorporate SUSY breaking in "our sector", trying to offer natural explanations of such mass relations [4] . In short, it would be very surprising if sparticles are found in future collider experiments -The discovery is not the final goal, but it is the beginning of a new quest for "the mechanism" of SUSY breaking.
Measurements of soft breaking masses would be an important aspect of the study of SUSY, because different SUSY breaking mechanisms predict different sparticle mass patterns. Studies at the Tevatron and LHC would suffer from substantial uncertainties and backgrounds compared to an LC, such as luminosity error, combinatorial backgrounds, and unknown initial energy. While the discovery of sparticles is guaranteed at the LHC, detailed studies there would be challenging. Therefore it is very interesting to see the ultimate precision of supersymmetric studies at the LHC.
It is possible to determine masses of sparticles from the measurement of end points of invariant mass distributions [2, 5, 6, 7] . For the minimal supergravity (MSUGRA) and gauge mediated (GM) models, there was substantial success for the parameter points where the decay of the second lightest neutralino to lepton pairχ 0 2 → llχ 0 1 is detected with substantial statistics. For some case, one would be able to not only determine all MSUGRA parameters, but also to measure the masses of some sparticles, using the edges and end points of invariant mass distributions involving jets and leptons. The systematic errors of such analyses may be controlled if the acceptance near the end points and (jet) energy resolution are known.
Detailed studies in this direction have been performed, and we do not repeat these here. In this paper, we instead study the ratio of lepton P T (lepton P T asymmetry A T ≡ P . The information has been used in previous analyses [5, 8] in the context of global fits of MSUGRA parameters. We show that it is possible to make a direct connection between the peak structure of the asymmetry A peak T and the ratio of the lepton energies in the neutralino rest frame A E by using events with m ll < m max ll /2. We also point out that systematics due to thẽ χ 0 2 velocity distribution would be small and reduced further if one includes the P T distribution of the hardest lepton in the fit. Using the m ll end point and the peak position of the A T distribution, one can at least determine two degrees of freedom of the three parameters involved in theχ The organization of this paper is as follows. In section 2, we analyze the MSUGRA points which were studied in [2, 8] , where squark and gluino decays are the dominant sources ofχ (1) where This distribution has been used in global fits of MSUGRA parameters; A T distribution "data" for one MSUGRA point generated by Monte Carlo simulator are compared to those of different MSUGRA points [5, 8] . In this model, all sparticle masses depend on a few universal soft breaking parameters such as m 0 , M, tan β, etc. When we compare different MSUGRA points, we therefore change both the parameters of theχ However it is possible to make a more direct connection with the first set of mass parameters mχ0 2 , mχ0 1 and ml if a moderate m ll cut is applied [9] .
When m ll is small compared to m max ll , the lepton and anti-lepton nearly go in the same direction. Then the lepton momentum asymmetry becomes less immediately go into full MC simulations, we first study the decay distribution for fixed neutralino velocity (labeled by the boost factor γχ0 2 and the pseudorapidity ηχ0
2 )).
4
The distribution we observe in experiments is expressed by convoluting the distribution with the velocity distribution ofχ 0 2 , F (γ, η), as follows;
the measured distribution is also affected by cuts on E / T , M eff , etc. However it is still useful to know how Γ(A T (γχ0
2 )) depends on the underlying mass parameters and theχ 0 2 velocity. In Fig. 1 , we show the A T distribution with/without invariant mass cuts and P l T cuts. Here we take the IK point and γχ0 
Monte Carlo simulations
We are now ready to perform full Monte Carlo simulations to check the observations made in section 2.
We use ISAJET 7.42 [10] to generate SUSY events. The generated events are analyzed by the simple detector simulator ATLFAST2.21 [12] . The cuts to remove the SM backgrounds down to a negligible level have already been studied in [5, 8] ; they are summarized as,
For this point, M eff and E / T cuts are not efficient because of the lightg. A third tagging lepton fromχ • Two opposite sign same flavor leptons with P l T > 15 GeV.
• Third tagging lepton with P l T > 15 GeV.
• Lepton isolation; No P T > 2 GeV track within a ∆R < 0.3 cone centered on the lepton track.
• E / T > 200 GeV.
• 4 jets with P T 1 > 100 GeV and P T 2,3,4 > 50 GeV.
• M eff ≡ P T,1 + P T,2 + P T,3 + P T,4 + E / T > 400 GeV.
• E / T > max(100 GeV, 0.2M eff ).
• Two isolated leptons with P l T > 10 GeV, |η| < 2.5. Isolation is defined as less than 10 GeV energy deposit within a ∆R < 0.2 cone centered on the lepton track.
We generate 2 × 10 6 events for each point. This roughly corresponds to 5 f b −1 for IK, and 100 f b −1 for point 5. We present distributions without cuts on M eff , jet P T and E / T . In previous simulations [5, 7, 8] , the acceptance is roughly constant for all value of m ll , therefore those cuts are expected not to modify the lepton distributions substantially. Note that substantial acceptance for events with m ll < m max ll /2 is crucial for using the information from the A T distribution, as we have seen in section 2.
We keep lepton isolation cuts;
• Less than 10 GeV (15 GeV for IK) energy deposit within a ∆R < 0.2 cone centered on the lepton track.
• No jet within a ∆R < 0.4 cone centered on a lepton track. The acceptance of events turns out to be too high by factor of 3 for point 5 compared to a full analysis including jet related cuts [8, 5, 7] . This factor is taken into account when we interpret the fitting results. 7 No plot or fit in this section contain SM background, while SUSY background is included. In the previous section, we have already seen that the A T distribution is somewhat dependent on the parent neutralino velocity (γχ0 is expected unless some m ll cut is applied. The P l T distribution is shown in Fig. 6 . Here we plot the distribution of higher(lower) of two lepton P T for dotted(solid) line. The first(higher) lepton P l T can be a few times higher than its most probable value, reflecting the existence of relativisticχ 0 2 in the signal sample. 7 The number of the selected events for the IK point is 7000 between 10 GeV to 20 GeV even for the small luminosity of 5 f b −1 [8] . Therefore, the systematic errors would be We now study the asymmetry distribution in Fig. 7 . The plot for Point IK (Fig. 7a) shows a smeared peak at A T ∼ 0.36, but the peak is rather flat at the top. For point 5 (Fig. 7b) , the distribution has even less structure, In Fig. 9 , we show the distribution of the events with m ll < 10 GeV for point IK. The peak is now nearly delta function like, and it agrees with dominant for this point. A 0 E . For point IK, the number of signal events in this range is statistically significant. If events in this mass range can be used, we should be able to make a direct A 0 E measurement without any systematics. However, there could be a significant background for the events below m ll < 12 GeV as recently discussed in [11] .
We now fit the MC data to a phenomenological fitting function to determine the peak positions and the associated errors. The fitting function is chosen as follows:
where parameters A 0 , f , N 0 and σ are determined by minimizing χ 2 using the program MINUIT 8 .
Results of these fits are shown in Fig. 10 . For IK (Fig. 10 a) ) we fit the A T distribution of events with 10 GeV < m ll < 14.14 GeV and find A 0 = 0.3408 ± 0.01. The peak position is smaller than A 0 E = 0.36 (defined in Eq. (5)). However, the A T distribution for fixed neutralino velocity (γ, η) = (1.4, 0.2) indeed peaks at 0.34 if 10 GeV < m ll < 14.14 GeV, consistent with the full MC. As discussed earlier, the peak position does not depend strongly on the choice of the neutralino velocity when such tight m ll cut is required; this explains the agreement. For point 5 (Fig. 10, b)-d) 
Model independent mass determination
The second lightest neutralino might arise from squark and gluino decays at hadron colliders, therefore theχ 0 2 velocity distribution should depend on mq and mg. One may in principle fit the whole distribution to determine model parameters completely, but various systematic errors could prevent a complete understanding of the event structure. We wish to stay with the distribution which is less model dependent and free of systematics. Invariant mass distributions are a well established candidate for such a distribution. In the previous sections we argued that the peak position of the A T distribution can be almost independent of theχ 0 2 velocity distribution if certain cuts are applied on m ll .
In this section, we will find that the remaining minor γχ0 We also show the histogram for ml = 117.68 GeV in a) for comparison.
In Fig. 11a) , we show the A T distributions for differentχ 0 2 velocity. We took point IK and 12 GeV < m ll < 25 GeV, therefore the distribution is somewhat dependent on the neutralino velocity especially when γχ0 2 is small. In the same figure we also show distributions for ml = 117.68 GeV. In this case the peak moves from 0.42 to 0.37. The velocity dependence is slightly stronger than for the IK point. Although the peak position itself does not depend too much on the velocity, this certainly suggests some systematics would come into the fit to the decay parameters. Theχ 0 2 velocity distribution strongly affects the hardest lepton P T distribution, as one can see in Fig. 11b ). Here the three distributions corresponding to Fig. 11a ) have totally different P l T end points. We can imagine that the systematics coming from the neutralino velocity dependence would be substantially reduced if the P l T distribution is included in the fit as well.
The A T and P l T distributions can be expressed as convolutions of the neutralino velocity distribution and neutralino decay distributions as follows;
2 ) .
The neutralino velocity distribution F (γ, η) depends on parent sparticle masses, while the decay distributions in the laboratory frame Γ(A T ) and Γ(P The parent neutralino velocity can be decomposed into a boost γ T from theχ 0 2 rest frame transverse to the beam direction, followed by a boost γ L in the beam direction. The A T and P l T distributions depend on the γ T distribution while the latter distribution has no effect on them. This can be seen in Fig. 12 a) and b) . We show three A T and P l T distributions, for χ 0 2 (γχ, ηχ) = (1.1, 0.2), (1.2, 1) and (2.7, 2). The 3 points have a common feature,
The P l T and A T distributions of leptons are very similar as one can see in Fig. 12 a) 
and b).
This observation is based on a numerical integration which now takes into account the cut |η l | < 2.5, in addition to 12 GeV < m ll < 25 GeV, and the P We checked numerically that the distributions with common P l T end points are roughly the same with these cuts. On the other hand, the A T distribution has significant B T dependence as one can see from the distributions for B T = 1.7 (dotted histograms). This suggests that one only has to know the γ T distribution, which could be reconstructed from the P l T distribution. Schematically, one can write
Γ(A T (B T )), and Γ(P l T ((B T )) are implicit functions of ino and slepton masses, and one can fit to experimental data to obtain those mass parameters in addition to F (B T ). Of course, one must also study the effect of E / T , M eff , and P T j cuts and detailed MC simulations are necessary.
Given the indication that the dependence on theχ We take the IK point as an example; the point is interesting because both the edge of the m ll distribution due to the two body cascade decays In order to demonstrate the importance of the measurement of A T , we first show the expected constraints on ml and mχ0 (Fig. 14) . ∆χ 2 is defined as
Here, A could be of the order of 1% or less, consistent with the previous fits in [8] . Note, however, that they did not identify the origin of the peak structure and used the whole A T distribution for the fit. As we have stressed, this fit will depend on assumptions about parent squark and gluino masses, while our fit relies solely on the peak position, directly constraining mχ0 Assuming an error on m , and ml are constrained within ∼ ±8 GeV, without assuming any relation between ino and slepton masses. The error is large compared to those expected from LC experiments, however it still makes an impressive case where sparticle masses are determined without relying on model assumptions.
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Note that the mẽ/mμ ratio would be constrained strongly. Assuming δA T < 0.007, δm ee,µµ < 0.5 GeV, δm 3body ll = 4 GeV, we obtain δ(mẽ/mμ) = 2.5 % for ∆χ 2 < 1, and 7% for ∆χ 2 < 9.
Several comments are in order. The background in the region m ll ≪ m max ll must be studied carefully. For example, SM ttll production could be important in the low m ll region. Note that full amplitude level studies of W γ * production have been performed for the background process ofχ 0 2χ ± 1 → 3l, and large background was found in the m ll < 10 GeV region [11] . It has also been pointed out that Υ production is an important source of background when m ll < 12 GeV. However it is unlikely that the background distribution Recently, it was pointed out in [7] that one can obtain the same information by taking the ratio of the end points of the invariant masses of jet and lepton(s). Their analysis was carried out for point 5. The dominant cascade decay process isq →χ [7] the invariant mass distribution m l 1 q and m l 1 l 2 q are expressed as simple analytical functions of mq, ml, mχ0 1(2) . One can reconstruct the m l 1 q end point by choosing the combination of the first lepton and the jet.
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Although each end point is 10% to 4% smaller than expectation depending on jet definition, the ratio (14) agrees with the expectation. T , corresponding to the two decay chains. By comparing A T distributions for m ll < ∼ m ll (low)/2 and m ll (low)/2 < m ll < m ll (high)/2, one should be able 12 Note that the efficient selection of the first lepton for m lq distribution relies on large lepton energy asymmetry. However as A → 1, the end points of m l1j and m l2j tend to coincide, therefor it may not be a problem. 13 When m ). 14 Another potential problem of the analysis in [7] is that mq − m max llj = 145 GeV is almost as small as mχ0 1 = 122 GeV. Being the end point of the m llj distribution requires theχ 0 1 from the decay chain to be very non-relativistic in theq rest frame. This should reduce E / T toward the end point. In general the m llj and m lj end points correspond to different kinematical configurations; attention must be paid to the consequence for relative efficiencies.
to determine proper sets of the m ll edge and the peak, because the peak at
T can be hardly observed for m ll > m ll (low)/2, while the peak at A (2) T can still be seen. Note that there are four parameters for four constraints in this case, therefore one can in principle solve for all mass parameters.
Discussion
The second lightest neutralinoχ 0 2 would be copiously produced fromq andg decays at the LHC, andχ
2 production is an important mode for the Tevatron. In this paper, we have studied the distribution of the P We have also performed MC simulations for several representative points.
Values of the peak position obtained by fitting MC data agree with those forχ 0 2 with typical velocity. This follows from the insensitivity of the A T distribution to the parent neutralino velocity. The typical velocity could be estimated easily by using the hardest lepton P T distribution. Therefore the A T peak can be used to constrain mχ0 2 , ml and mχ0 The reconstruction of theχ 0 2 momentum distribution is of some importance for our analysis. The hardest lepton P T distribution should allow us to study theχ 0 2 velocity distribution independently from theq,g mass determination. In fact, the measurement of this distribution may allow one to constrain the kinematics of squark and gluino production.
The fit proposed in this paper is reasonably model independent compared to the previous fits using the entire A T distribution without m ll cuts. It is amazing to see that the distribution keeps the information on the cascade decay kinematics. (Compare Fig. 7 and 10 ). The analysis can be extended to all cascade decays involving leptons, such as the gauge mediated scenario with NLSP slepton. [13, 6] The determination of the A T peak position is not disturbed even in the case where several sleptons contribute to signal lepton pairs.
Note that model independent constraints on weakly interacting sparticle masses may be used to directly constrain the relic mass density of LSPs in In this paper, we did not perform any MC simulation for Tevatron experiments. There the cleanest discovery process is the 3 leptons and missing E / T channel ofχ + 1χ 0 2 production and decay. It is possible to perform a parallel analysis to the one presented in this paper. However if m max ll is small (which is likely due to the lower bound on ml of nearly 100 GeV), the number of events that satisfy 12 GeV < m ll < m max ll /2 would be small, where the lower m ll cut is needed to avoid γ * and Υ backgrounds.
The branching ratio of the modeχ would be substantially more difficult for this case, as τ decays further into a jet or a lepton. [15] Selecting two tau leptons which go roughly into the same direction (small ∆R) should effectively work as an m τ τ cut in our analysis.
However, the A T distribution of tau jet would be substantially smeared by the tau decay.
When all two body decay modes are closed, the decayχ 0 2 →χ 0 1 ll often has a sizable branching ratio. The precision study of the three body decay distribution has been discussed in [16] . The m ll distribution and the A T distribution in the small m ll region would give us information on neutralino mixing and on ml
L(R)
. It would be interesting to check if our analysis can be extended to other cascade decays involving photons or jets [6] . Note that in the gauge mediated model withχ [13] . Cascade decays involving a jet and a lepton or two jets may also be used for an asymmetry analysis, but selecting the proper combination of jets would be challenging.
